proposed as a key for energy supply because they cover a large area, are inexpensive and produce flexible solar cells.
By incorporating multilayers (1) and bulk heterojunctions (2) , the energy conversion efficiency ( η P ) of OSCs was gradually increased ~5% (3) . However, the ηP is still low for practical applications and has been anticipated to clarify the controlling factors required to obtain a higher conversion efficiency. Also, since only a limited number of organic materials can function in OSCs, establishing more effective material designs and expanding the number of materials required to produce OSCs are needed. In photovoltaic processes, solar cell characteristics are expected to have strong correlation with not only the carrier transport but also exciton diffusion. Since only excitons that reach a donor-acceptor interface, i.e., a p-n heterojunction interface, are dissociated into holes and electrons, a longer exciton diffusion length can contribute to generating more charge carriers (4) . Further, the dissociated holes and electrons have to move to opposite electrodes by using an internal builtin electric field. Therefore, organic materials having a long exciton diffusion length (L ex ) and high carrier mobility (µ ) are desirable for improving the η P . Since the µ and L ex are strongly dependent on the molecular stacking, a high µ generally could cause a long L ex . In fact, a high η P has recently been achieved by using pentacene (5) and tetracene (6) as a p-type semiconductor and fullerene (C 60 ) (Ref. 7) as an n-type semiconductor. These materials are known to have
Correlation of hole mobility, exciton diffusion length, and solar cell characteristics in phthalocyanine / fullerene organic solar cells (a) high carrier mobility and a rather large L ex due to their high molecular packing nature (8) - (10) .
In (14) .
The OSCs were fabricated on a precleaned indium tin oxide (ITO)-coated glass substrate. The organic layers were grown by using thermal evaporation in a vacuum less than 3 10 -3 Pa. Before the organic layers were deposited, all MPcs were purified more than two times by using thermal gradient train sublimation (15) . We used C 60 (Frontier Carbon Corp.) as received, and no further purification was Fig. 1(b) . Second, we can assume that the p-n junction width in each cell is the same.
Third, since the imaginary refraction indices of the MPcs are similar in these derivative (16) , (17) , the absorbed light intensity distribution can be assumed to be the same. Fourth, since the difference of the highest occupied molecular orbital (HOMO) levels between the MPcs is so small, as listed in anode. After all, the J SC can be controlled by the factors of the diffusion efficiency of the excitons (iv) and the transport efficiency of the charge carriers (v). As J SC is the sum of J h + J e , where J h is the hole current and J e is the electron current, we can assume that J e is independent of the type of MPcs. Thus, J h and J SC can be expressed by using the linear sum of the drift current and the diffusion current,
where n h is the concentration of holes, U is the electrical potential, k is Boltzmann's constant, and T is the temperature. Based on Eqs. (1) and (2), J SC is proportional to µ h . Therefore, J SC can be primarily controlled by carrier mobility, i.e., the µ h , of the MPcs in these devices. 
(2) where h is Planck's constant, c is the speed of light, e is the elementary electric charge, λ is the wavelength, and P ph is the power of incident light. In the EQE action spectra shown in Fig. 3(a) , two broad peaks due to MPc and C 60 can be identified. In the long-wavelength component longer than λ ~ 550 nm, which originates from the MPc absorption, the EQE showed a large difference, while the absorption spectra of MPcs are quite similar.
When estimating the exciton diffusion length, we considered that excitons should follow the steady state diffusion equation as follows (19) :
where L j is the diffusion length of excitons, n j (x) is the density of excitons, τ j is the lifetime of excitons, and Q j (x) is the time-averaged absorbed optical energy. Suffix j indicates an organic layer, e.g., n MPc and n are the exciton densities inside the MPc and C 60 layer. The Q j (x) is proportional to the 19) ,where E(x) is the optical electric field that can be where x 0 is the position of the p-n junction. We assumed that the excitons that arrive at the p-n junction are dissociated
We found that the J SC has a rather good linear relationship with the field effect µ h , except for ZnPc. The ZnPc showed a large deviation from the linear relationship, suggesting the presence of other controlling factors in the J-V characteristics.
Next, we will discuss the exciton diffusion length of the MPcs. Since charge carriers can be generated from exciton dissociation in the OSCs (18) , the exciton diffusion can significantly influence the carrier-generation process in the OSCs. Measuring the exciton diffusion length of MPcs directly is difficult because there is no photoluminescence in the MPcs' neat films. Therefore, we estimated the exciton diffusion length using the action spectra of the external quantum efficiency (EQE) in the OSCs. The EQE is defined as the ratio of the number of collected carriers to the number of incident photons and is expressed as follows:
into holes and electrons with the probability of η ED . In addition, since a great number of holes and electrons accumulate near the interface, we should consider the recombination probability, η R . Therefore, the number of holes and electrons contributing to J SC is expressed as follows:
where n CC is the number of photo induced charge carriers, and η C is the exciton-to-charge carrier conversion efficiency, defined as η C = η ED η R . Since η ED and η R depend on the combination of the donor and acceptor materials, we can assume that η C depends on MPc, and η C can be described as η MPc . We assumed that all the photo generated charge carriers are collected at the anode and the cathode. The EQE is defined as n CC normalized by the number of incident photons. Therefore, the EQE consists of L MPc , L , and η CMPc . We fitted the calculated EQE to the experimental data by varying both the L MPc and η CMPc , as shown in Fig. 3(b) , where a L of 40 nm was assumed (4) . As the result, we obtained η MPc and η CMPc , as shown in Table I . Based on these estimations, we found an almost linear correlation between J SC and L MPc , as shown in Fig. 2(b) . All MPcs fall along the line of best fit, i.e., strongly suggesting that the exciton diffusion length of the MPcs controls the J-V characteristics of the OSCs. Therefore, we can expect that the OSC characteristics can enhance a considerably higher η P by using organic semiconductor materials with a long L ex .
We found that the V OC and FF also tend to increase with 
